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THE SPECIFIC HEAT OF THERMOSETTING POLYMFRS

Prepared by:

Re We Warfield
M. C, Petree
P. Donovan

\

ABSTRACT: V¥ Specific heat, as a function of temperature has teen determined
over the range of 30°C to 160°C for a number of thermosetting polymers.
The data were obtained by means of an adiabatic calorimeter., In agreement
with theory, ths specific heats of the polymers showed a progressive
increase with increasing temperature., In many cases large increases

in specific hcat have been observed which are indicative of second order
transitions within the polymer.
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This report contains data on specific heats as a function of témperature
for a number of thermosetting polymers. In many cases the results are -
indicative of secord order transitions which occur within the polymer,

This study was made under Project N1l0Oa-1l=56 as part of a general polymer
inve"tigation.
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THE SPRCIFIC HFEAT OF TH??RWSE‘!"I‘ING POLYMERS
TNTRODUCTTON

le A knnwledre of the specific heat: of thermosetting polymers is
becoming more important with increasing use of these materials, often
under high temperature conditions. Values oI specific heat (hereafter
referred to as Cp) determined as a function of temperature can be used
in calculating heats of polymerization of polymers using the techniques
of differential thermal analysis (Reference 1) and adiabatic ralorimetry
(Reference 2). In addition, thermal diffusivities may be calculated
from the Cp data when the thermal conductivity and the density are known.
The changes of Cp with temperature are indicative of changes in the
electrical and mechanical properties of these materials and are frequently
related to the second order transitions.

2. Some work has been dane on determining the Cp of synthetic
polymers but a systematic study of the thermal properties of themnsetting
polymess has not been previously undertaken. Dole and co-workers (Refer-
ence 3) have determined Cp for polyethylene and a number of other synthetic
polymers, and polystyrene has been studied by Ueberreiter and Otto-
Laupenmuhlen (Reference L). Gast (Reference 5) has studied the Cp of
polyvinyl chloride. Furukawa, Bekkedahl and coe-workers at the Nation»l
‘Bureau of Standards have determined Cp for a2 number of polvmers (Refer-
ences 6 and 7). In addition, a number of values of Cp have been reported
but with no information as to the temperature at which the determination
was made or of the method that was used,

3. A calorimeter was constructed for the purposs of determining ¢
Cp of thermosetting polymers. The design of this instrument was based on
the maintenance of adiabaticity between the polymer sample in the calori-
meter vessel and the calorimeter wall during the Cp determination. The
temperaturs of the cured polymer sample was increased continuously by
means of an embecded resistance coil which was connected to a source of
energy. Adiabatic conditions were maintained by electrically heating the -
calorimeter wall at such a rate that the wall temperature was within 1°C
of the temperature of the pclymer sample at all times during the determi-
natior.. This calorimeter was designed to obtain engineering data with
.a minimum of effort and could be operated by a single technician. The
data obtained were estimated to be accurate to within 5%,

L. The work reported upon herein wasz part of a long-term study of
theimosetting polymers being conducted in an effort to obtain a more kasic
understanding of the themmal, electrical and mechanical properties of
these materials. In addition, a study was being conducted using thermal
and electrical methods tc get information on the polymerization churacter-.
- istics of these compounds. The extent to which the physical properties
of the solid polymer are influenced by the manner in which the polymeri-
zation is conducted was also being stud‘ed. The results of this Cp
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investigation indicate that Cp determination ride as a function of
tempe rature are real functions of the structure of the polymer a.d can
be used in studying the thermal and mechanical properties of thermo-
setting polymers. _ . : '

THEORY

Se The theory of the specific heat of linear polymers has received
a limited treatment by Boyer and Spencer (Reference 7). These investi-
fFators attributed the increase in Cp vith temperature to increasing
degrees of freedom within the polymsr. The molecules in the solid
viorate about their equilibrium positions with an amplitude which increases
with increasing temperature. As the temperature is raised these new
degrees of freedom are slowly activated and absorb heat energy. The
ooserved effect of these new degrees of freedom, ic the increase in Cp
of the poiymer. A theoretical treatment of the Cp of thermosetting
polymers has not been made. In this class of polymer the problem is
even more complex as the entire polymer is crosslinked and vibraticns
and rotations occur only with difficulty. '

6. The increase in Cp with temperature is only of limdted interest
when compared to the fact that in many polymers there are rather abrupt
increases in Cp over relatively narrow temperature ranges. This rapid
increase in Cp has been observed by many investigators (Referencez 3, 7
and 8) and can be attributed to a second order transition, Tg, occurring
Wwithin the pelymer. This transition which occurs upon heating a polymer
manifests itself as a change in the temperature dependence of a large
number of physical properties. At this temperature point, or more
correctly, in this temperature range, a discontinuity cccurs in the thermo-
dynamic quantitiss such as specific heat, thermal conductivity and thermal
expansion. As the temperature 1s raised through this reginsn, a process
takes place not involving latent heat, which results in larger values of
the thermodynamic quantities and in a changse in the general physical proper-
ties of the material. In general,; when the material is above the transition
temperature it becomes softer and morc flexible as contrasted to its hard

wae

brittle character at lower temperature.

7. There is no simple physical explanation that will completely
describe Tg in terms of the structure of a polyme~ and which can be
applied to all polymers. For linear polymers, Tg increases approximately
in proportion to the secondary valance force per u it length of polymer
chain (Reference 7). However, bulky groups and strong polar groups lead
to higher Tg values (Reference 7). It has been considered by some workers
in this field that Tg is an intemal melting point, above which the polymer
still preserves the external characteristics of a solid vhile behaving in
part like a liquid, As the polymer is heated and Tg is reached, sections
of long polymer chains move further apart and are able to move more freely
about the length of the chain (Reference 7). This new vibration and
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rotation which occurs at Tg can account for the increase in Cp. Alford
and Dole (Reference 9), who studied Tg in poiyvinyl chloride, corcluded
that the larrge increase in Cp at Tg could not be entirely the result of
additional vibrations in 4the solid; other factors such as interchain
interactions involving a potential enersy were suggested as being involved,

8. Van Amerongen (Reference 10} has concluded that the temperature
range of Tg in linear polymers is mainly determined by the strenpth of the
sacondary valence energies and by the flexibiiity of the chain. In thermo-
setting polymers the higher values of Tg are primarily determined by the
axtent of crosslinking. This has beesn shown by Fox and Loshack (Pefex-
ence ll) who pointed out that crosslirking invoives the exchange of second-
ary oponds for primary bonds.

EXPERIM¥NTAL
A. Method

9. The adiabatic calorimeter, the calorimeter vessel the temperature
monitoring and controlling instrumentation, and a detailed degcrlption of
the tecnniques used to determine the Cp of thermosetting polymers have been

previously described (Reference 12). In addition, the calibration of the
calorimeter was described and the results of a Cp determination on poly-

ethylene were compared with the results obtained on the same material ty

Wunderlich and Dole {Reference 3). :

10, The adiabatic calorimeter consists of three closed concentric
cylinders separated by dead air spaces. Placed around the inner cylinder
is a heating coil of nichrome resistarce wire. The two other cylinders
and the dead air spaces serve to insulate the inner cylinder and prevent
loss or gain of heat during a Cp determination, The cylincrical polymer
sample containing an encapsulated heating coil and thermocouples is placed
in the inner cylinder of the calorimeter. The heating coil in the polymer
sample is connected to a source of power and the temperature of the sample

-hus raised at a uniform rate. This increase in temperature is measured
at 300 second intervals by means of the encapsulated thermocouples. Adia-
baticity is maintained by heating the inner cylinder of the calorimeter at
a rate so that its temperature is always within 1°C of that of the polymer
sample. This prevents loss or gain of heat by the sample.

1l. In each case the polymer was extensively postcured before Cp
was determinei. Each Cp determination was cunducted in duplicate and in
some cases additional determinations were made. The Cp was c~lculated by

means of Equation 1.

Cp = I%Rt | | (1)

)
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Wiz.e i 1s the current in amperes, R is the tcnperature dependert resistance
ol'’ the heating coill in ohms; t the time in seconds, M iic mass of the
polymer in grams, (A T) the rise in temperature of the polymer in °C,

and the ccnstart L,185 is the mechanical equivalent of heat in Zloules

per calorie,.

=2, M-‘.—itf'ri“,] L

12. The amorphous thermosetting polymers studied in this investigation
consisted of a number of commercially available compounds. ™any of these
compounds were casting resins., All the polymers were prepared for study
by the meihods described in Reference 17, In addition to the thermo-
setting rolvmers, two thermoplastic polymers, polyethylene and polystyrene
were used to check the accuracy of the calorimeter. The polymers studied,
the polvmer type, the curing agent used ai ! the manufacturer are shown
in Apvrendix T.

C. Results

13. Figures 1 to 6 are plots of the Cp as a function of the temperature
for the pclymers studied. Inspection of these plots shows that in each
case the Cp increased with an increase in temperature. In one case (Epcn
828 cured with m-phenylene diamine) this increase in Cp was approximately
linear. This indicates that no sharp transitions occur within the polymer
over the temperature range considered. However, in many of the polymers
studied the Cp, after an initial linear interval, suddenly increases and
then assumes an approximately constant value which is much less temperature
dependent. In two cases (polyamide-ERL 2795 and diallyl phthalate) the
Cp changes throughout the temperature range considered. The rate of change
was not* constant yet no second order transition was indicated. ' ’

15, Published values of Tg for thermosetting polymers are nonexistent,
but in the case of polystyrene, a thermoplastic polymer, Boyer and Spencer
(Rcference 7) reported a Tg value of 81°C, The value of 81-82°C (Figure 6)
is therefore in excellent agreement with the published value. The temper-
ature range over which Tg occurred is shown in Table 1.

DISCUSSION

15, Tt has previously been noted that most polymers show an increase
in Cp with temperature, and those polymers studied in this investigation
.11 show this increase with temperature. This increase in Cp with temper-
ture is however, of littls significaice when compared with the lact
hat in many of 1he thermosetting polymers studied there were rather
abrupt increises in Cp over relatively narrow temperature ranges. These
abruut increases were usually followed by temperature ranges cver which
tne ‘increase in Cp was small and the rate approximately constant, These
increases in Cp can be explained as due to second order transitions which

o

—y

4
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within the nalvmer (Referarcos A and 7)., These fran-aitior:

\ Table 1.

[y

o]

[¢]
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5l
3
'

16. In an amorphous thermosettins polymer, Tg will usually take
place over a temperature ranpe. An example of this is shown in Fipure &
when Te for fpocast R-155 occurs over a 2°°C ranfe. 1t is possible that
in some pelymers limited transitions can occur at lower te’rperatures due
to the acquisition of 1limited mobility by portions of the mair. chain or
by side groups {Reference 13). towever, T¢ is catastrophic and unambiguous,
the other limited transitions occur at lower temperatures and tne mapnitude
of such transitions when compared to Tg on Cp versus temperature plets
will be very small (Reference 13).

17. The magnitude and the sharpness of the change of Cp at Tg in
thermosetiing resins are iteresting. For example, in Figure 5 Epocast
R-155 shows an increase in Cp from 0.L0 cal/gm® at 8i°C to 0,58 cal/gm°C
at 105°C. The other extreme is shown ty Paraplex P-L3 polyester resin
shown in Figure le This resin shows an increase in Cp at Tg, but the
increase is very small and sharp. At 127°C Cp is 0.);7 cal/gm°C and
increases to a value of 0.L9 cal/gm°C at 130°c.

18. The observed Tz points for epoxide polymer systems can be
correlated with heat distortion temperatures, Dy. The exact relationship
tetween Tg and Dy is obscure, but usually Dy occurs at a slightly hircher
temperature than Tg. Tt appears likely that the two points are closely
related, Tg being characteristic of the micro properties of a material
and being a more fundamental measurement, while M, is characteristic of
the macro properties. Homrmer, Cohen and Kohn {(#aference 1ll) have
determined Dy for a number of epoxide polymer-catalyst systems. Tn the
case of %pon A28 and m-phenylene diamine, T, was found to be in the range
of 150-159°C for an extensively posteured uul;mFT. Yo Tg was fourd up
to 160°C which is the limit of the calorimeter. In the case of Fpon
828 with trig(dimeth"laminomethyl)phmiol tri(?-ethyl hexcate), D) was
found to be at 93°C. The results of this study indicate that Tp was
complete at 70°C. In the two systems compared above, neither the curing
cycles nor the amounts of curing zgent used by Hormer and co-workers
were exactly the same as for the polymers used in the Cp determinations
so that an exact comparison cannot be made. Weiss (Rzference 15) has
found Dp for Epon 828 cured with 56.5% of dodecenyi succinic anhydride
to be 78°C. This is in agreement with the results presented here where
Tg occurred at about 8° . The effect of plasticizers is to lower the
tenperature at which Tg and Dy occur (Refererce 10).

19. Those polymers that do not show indications of a second transition
over the temperature range studied are of considerable interest. The fact
that a transition is not obcerved sugpests that Tg occurs at a temperature
either below 25° or above the maximum temperature attained by the calori=
meter during the Cp determination. The latter case is probable with FEpon
828 cured with m-phenyiene diamine., Vith polyethylene, diallyl phthalate
and polyamide-SRL 2795 the problem is more complex. It appears that in
these polymerc large numbers of structural siroups do not suddenly become
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activated as the temperature is raised. These three pelymers have Ny
of 75°C (Reference 16), 121°C (Reference 17) and 60°C, respectively
(Feference 18). 1t is sugpested that polymers in which Tg is not ob~
served by Cp measurements, and in wnich it can be established that Tg
does not occur below 25°C or above 160°C, can be considered to have a
broad Tg which occurs over a very wide temperature range and is of
relatively small mapnitude. :

20, Two polymers containing an 5i0, filler were studied. The amount
of filler present was determined by chemical anaiysis. The Cp of duPont
820-001 which contains 15% of SiO,, is shown in Figure S and the Cp of
Hysol 6020-105 which contains 31, g% of Si0o is shown in Figure 2, Tt
appears that this calorimeter can be used to determine Cp as a function
of temperature for any polymer containing a filler, the only reaquirements
beinpg that the percentage of filler be not too hirgh so as to make the
viscosity of the liquid unpolymerized polymer too great for satlsfactozy
pouring into the calorimeter vessel.

?le In the case of polystyrene a previous deterrmination of the Cp
as a function of tempermstire had been made by Ueberreiter and Otto-
Laupenmuhlen (Reference L). Their results showed that in the region
velow Tg the Cp of polystyrene was not a function of the molecular weight.
Samples having an average molecular weight of 880, 2300 and 3650 were
studied and between -16°C and +1L°C the results of three separate Cp
determination on the three samples yielded results that were almost
superimposable. However, upon increasing the temperature the sample
having an ave-age molecular weirht of 860 showed a Tg starting at about
25°C while the samples having an averare molecular weight of 2300 and
3650 beran to show a Tg at 65°C and 75°C, respectively. This illustrates
the dependence of Tg on the chain lengtn of the polymer. After Tg was
complete the Cp values increased At a constant rate, but the sample having
the highest molecular weipght showed somewhat higher values of Cp.

_ 22. The data shown in Figure 6 for polystyrene in the range of 50° -
80°C are almost identicai with those of Ueberreiter and Otto-Laupenmuhlen.
This is an excellent check on the calorimeter used here. However, after
Tr occurs at 8l - 82°C the results in Figure 6 show a progressive increase
in Cp and the values were somewhat higher than those found in the previous
studve No information was available as to the average molecular weignt
of the polystyrene used in this investigation. From the fact that Tg
occurred at 81 - 82° it can be estimated to be high (;} 10,000)s The
previous work has shown that afver Tg had been reached the Cp was some-
wnat dependenti on the averape molecular weirht and since the results

here for Cp were "omewhnt hirher, it can be concluded that the averarge
molecular weight was hirgh. The polystyrene used in thls 1nvest’gat10n

nad a Dy of 85°C (Reference 19).

23, Fpon 828 resin was cured with three Jifferent amine curing
apents and a comparison of the results of the Cp detcrminations feor
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the three systems is of interest. In the first system {Firurc 1) .
m-phenylene diamine w~s tne curing agent, and as mertioned previoucly,
this sytem showed a progressiie increase in Cp from about 0433 cal/¢m°C
at LO°C to about 0.51 cal/gm°C at 160°C. This increase is almost lincar
and no Tg was observed. Iu the second system (Figure 3) diethylamino-
propylamine was the curing agent, and this system showed both an increase
in Cp and a Tg occurring over a wide temperature rarge, terminating at
about 115°C. Generally, the values of Cp were somewhat lower than when
m-phenylene diamine was used as a curing agent. In the third system
(Figure 1) tris(dimethylamiromethyl)phenol tri{2-ethyl hexoate) was the
curing agent and this system differed from the proceeding two in several
respects. First, Cp was hipher by about 10-15% over the temperature
range of LO°C - 150°C, Tg occurred rather sharply and was complete at
70°C and Cp progressively increased to about 0.56 cal/gm°C at 150°C,

2Ls On the basis of these results, it would appear that the system
Tporn B28-tris(dimethylamircmethyl)phenol tri{2-ethyl hexoate) was less
crosslinked than the other iwo systems on the assumption that Cp values
are an index of the derree of crosslinkine. The fact that Tg occurred
sharply at a relatively low temperatire reinforces this conclusion. Also,
these results indicate the extent to which the physical properties of a
resin system are dependent upon the curing apent used. In each case the
stoichiometric amount of curing agent was used.

25. The systematic error in a typical detemination of Cp as
calculated in Equation 1 is estimated to be as folleowss

Quantity ~ Frror
12 1.5%
R O.b%‘
M 0.2%
t 0.2%
T 0.5%

Cp - 2.8%

From these ~stimated errors and frum an analysis of the scatter of points
on the Cp vs. temperature plots, the overall error is esiimated to be
within 5%. In addition; the accuracy of these Cp determinationc has been
checked by repeating the work of Wunderlich and Nole (Refercnce 3) on
low pressure po.yethylene. These investigators used an elaborate calori-
meter capable of high accuracy and precision. The results of both sets
of data are shown in Fipure 6 and show excellent apreement, The values of
Cp for polystyrene also show excellent agreement with the work of

Ueberreiter and Ntto-Laupenmuhlen (Reference L).

9
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(N CLUSTONS
26. The Cp results have led to the following conclusions:

ac The Cp of tharmosetiing polymers is in the range 0.20
cal/gm®C to 0.0 cal/gm°C in the temperature range 30°C to 160°C and
is temperature dependent.

b. The Cp values c¢btained as a function of temperature by
the adiabatic calorimeter are sensitive to second order transitions
occurring within the polymer.

" Ce The second order transition in thermosetting polymers
gererally occurs at a hipher temperature tran in themmoplastic polymers.

de A corre.ation exists between the second order transition
and the heat distortion vc.nte.

es The Cp values are real functions of the structure of the
polymer, '

RECOMMENDATTONS

27¢ Tt is recommended that the Cp of polymers of known chemical
and physical structure be determined., ith data of this type it may
be possible to relate the Cp values to the structure of the polymer.
On the same polymers, the effects of varying amounts of curing agent
and plasticizers on Tg should be established. Such information could
be used to establish the nature of Tg. Finally, the change in Cp which
occurs upon polymerization should be studied. This could be determined
by measuring the Cp of both the monomer and polymer.
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TARLE 1

TEMPTRATURE RANGE OF SECOND ORDER TRANSITIONS, Tg

Material

Polyethylene
1)

~~

Epon 828 + DEAPA
Epon 828 + MPDA ()
Epon 828 + Dosa (3)
Epon 828 + DMP-30 (W
Dow 2633 + D30 )
Polyamide-ERL 2795

DuPont 820-001

Hysol 6020-105
Paraplex P-L3
Diallyl phthalate

Polystyrene

ITNTN ST N
w N
L N e e

!

o

Figure Number
6
3

(™)

oW e

V40

o S~ W

Diethylaminopropylamine
m-phenylene diamine
Dodecenyl succinic anhydride

 r1s | dime thylaminomethyl) phenol tri(2

Tg Range
Not present
60°-115°C
Not present
L0°%- &%
LO®-65°C
63°-80C
No* preseni
L5°-95°C
81%-110°
53°-85°C
126°-178°C
Not present |

81°-82°C

-ethyl hexcate) |
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